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FERROFLUID HYDROACQUSTIC PROJECTOR
I. INTRODUCTION

A. Background

Ferromagnetic liquids are not known to exist in nature, but fluids with
magnetic properties can be manufactured. The first reports of the development
of such a fluid came in the early 1860’s. One of the early patents for
ferrofluid is held by Papell [1]. Papell’s fluid is described and its
behavior is analyzed in a paper by Papell and Faber [2]. Many applications
for these fluids have been suggested; several of these, including rotary shaft
seals and hydrodynamic bearings, have already found their way into common
usage. Perry [3] gives an overview of some current ferrofluid applications.
Use of ferrofluid as an acoustic transduction material has been considered by
Carey and Fenlon [4], Overby [5], and Dubbelday [8]. The work presented in
this report is the design, construction, testing, and analysis of an
underwater sound projector based on a theoretical design given by Dubbelday
[8]. A patent for this design has been obtained by Dubbelday and Timme [7].
Overby’s design has also received a patent [8]. Presently the most common
transducers available are of the magnetostrictive, moving-coil, or
piezoelectric type. In the toroidal design described here, the bulk movement
of the ferrofluid couples to the acoustic medium. It is intended for
operation at low frequency. Because the ferrofluid transducer material is a
liquid, there is no limitation to the static pressure that can be sustained.
Moreover, there is complete freedom from damage by shock or excessive
displacement stress, an important advantage over the very brittle
piezoelectric and magnetostrictive materials. The device can be operated in a
free-flooded condition; therefore, there is no need for cumbersome and heavy
pressure-compensation materials. The specific gravity of the ferrofluid is
only slightly larger than 1 (typically 1.20); therefore, buoyancy will provide

the major part of the force needed to support and contain the device.

Before the design and prototype constructions are described, some

background material on the ferrofluid itself will be given.

.......................

.............................................
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B. PFerrofluids

N3

Ferrofluids consist of subdomain ferromagnetic grains (usually less than

»
o

100 A in diameter) coated with a monomolecular surfactant and suspended in a

4

carrier liquid. The surfactant coatings act as "bumpers" between the grains

A Sk
-‘\.'.
ey
A
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o

i and serve to overcome the attractive magnetic and Van der Waals forces that
otherwise would cause the grains to agglomerate and settle out of suspension.
A great deal of work has been done to determine which surfactants lead to the
greatest stability (see Ref. 9, for example). For the purposes of this work,
however, the only concerns are: (1) the overall characteristics of the
ferrofluid (such as density), which are deperdent upon the choice of the
carrier liquid; and (2) the ferrofluid’s magnetization characteristics. The
physical chemistry of ferrofluids will not be discussed here. Carrier liquids
‘ for commercially available ferrofluids include hydrocarbons, fluorocarbons,

diesters, and water.

Ferrofluids react to magnetic fields through the interaction of the field

i with the permanent magnetic moment of each particle. Any particle motions
that result are transmitted to the carrier liquid through viscous drag forces.
Therefore, consideration must be given to the orientation of the magnetic
moment within the body of the ferromagnetic grains. Because ferromagnetic

i materials have a crystalline structure, the magnetic properties are not the
same in every direction (magnetic anisotropy). The anisotropy energy is that
energy needed to rotate the magnetic moment away from the preferred crystal
axes into a "hard" direction. If the thermal energy of the grains is much

) greater than the anisotropy energy, the magnetic moments are free to move
independently of any physical grain motion. This behavior is called
superparamagnetism, due to the similarity between the theory of this behavior
and the theory governing moment-bearing atoms (see Ref. 10). If the

) anisotropy energy is much greater than the thermal energy of the grains, then
the magnetic moments are locked rigidly into place within each grain. If the
thermal and anisotropy energies are comparable, the behavior is somewhere
between these two cases. Berkovsky [11] gives a more complete description of

) this situation.
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An external magnetic field can interact with the magnetic moment of the
ferromagnetic grains in two ways. The field can result in a body force and a
body couple. The couple can exist only when the magnetic moment and the
magnetic field are non-collinear (ﬁXﬁ#O). If the magnetic moment of each
particle is independent of particle orientation, then a body couple would
rotate the magnetic moments but not the ferromagnetic grains themselves. If
the magnetic moments are "frozen® into the particles, a body couple would
physically rotate all the grains with magnetic moments not parallel to the
magnetic field. Study of the dynamics of ferrofluid magnetization [12]

reveals evidence of both types of behavior under normal operating conditions.

Under quasi-static conditions, body couples do not exist and effects of
magnetic anisotropy become unimportant. The magnetization characteristics of
ferrofluid under these conditions are adequately described by superparamagne-
tic theory. Application of superparamagnetic theory to ferrofluids is discus-
sed by Kaiser and Miskolczy [13]. The result is a magnetization curve like
that given in Fig. 1. Bias field Hb and modulation ﬂac are discussed in Sec. e
III. B. The form of M(H) is the Langevin function. The asymptotic value of M i
under increasing field is the saturation magnetization. The magnetic '

susceptibility approaches zero.

The ferrofluid used in this work is a water-based ferrofluid, called (:'.”
Lignosite FML, manufactured by the Georgia-Pacific Corporation. It is
presently available with a saturation magnetization of 140 G, but a 240-G
fluid is being developed. Lignosite FML is composed of iron lignosulfonate.
The reason this fluid was chosen was its reasonable price. Ferrofluids with ; Av ‘
much higher saturation magnetizations are available from the Ferrofluidics ﬂﬁq
Corporation for a considerably higher price. A magnetization curve for

Lignosite FML is shown in Fig. 1. This curve was plotted from data supplied B 3

by the manufacturer.

C. Previous Work

Carey and Fenlon [4] performed a theoretical study of the possible
application of ferrofluids as acoustic transducer materials in 1989. They

considered two possible modes of operation: modulation of the
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Fig. 1 - Ferrofluid magnetization curve

magnetostrictive effect experienced by a ferrofluid in a magnetic field and
modulation of the bulk motion of the ferrofluid generated by a nonuniform
magnetic field. The predicted performance of the ferrofluid was compared with
that of conventional transducer materials, and observations were made
concerning frequency ranges and conditions under which ferrofluids would have

some advantages over other materials.

From the results of their calculations, Carey and Fenlon conclude that
the magnetostrictive mode of operation is too inefficient to compete with
conventional magnetostrictive materials. They also conclude that the bulk
motion modulation of ferrofluids might be a desirable alternative to
conventional means of transduction for some applications, such as use in
severe environments and in situations where a wideband frequency response is
required. The configuration they propose for a transducer that would operate
this way is a ferrofluid-filled piston contained in a tube with one end open
to the air and the other end exposed to the water. The ferrofluid piston is
put into a time-varying magnetic-field gradient. The details of how this

time-varying magnetic-field gradient would be generated were not discussed.
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In 1978, Overby [5] built a prototype ferrofluid sound projector with a
design roughly like that of Carey and Fenlon. Ferrofluid was contained in a
cylindrical cavity with elastomer ends. The cavity was then surrounded with a
solenoidal coil that carried both ac and dc. The purpose of the dc was to
bring the ferrofluid to magnetic saturation. As will be shown in Chapter III,
a force is generated in a ferrofluid by a nonuniform magnetic field. The
expression for the force is proportional to the product of the magnetization
(M) and the magnetic-field intensity (H). If the magnetization is field
dependent, nonlinearities are introduced in the behavior. Therefore, to avoid
nonlinear behavior and to get a stronger force in the fluid, a large, static
magnetic field is generated in the fluid. In Overby’s projector the ac in the
coil generated the modulating field. The design used by Overby was not
efficient because the field gradients needed to generate bulk motion of the
ferrofluid were present only near the cylinder ends. The fields in the space
occupied by most of the ferrofluid were spatially uniform and exerted no force

on the ferrofluid. The results of Overby’s experiment were inconclusive.

Polunin [14,15] has proposed ferrofluid transducers with both cylindrical
and plane geometries. These transducers were designed for use at ultrasonic

frequencies.

Dubbelday [6] proposed a more efficient piston-type projector in 1980.
The alternating current was run in two coils to establish a magnetic field
gradient between the ends of a ferrofluid-filled piston. A bias field was
also a feature of this design. While no prototype was built to test this
design, the calculations showed that it would be competitive with conventional
transducers. In the same paper, the toroidal design was proposed; a later
article [18] reports on the construction of and measurements on a toroidal
projector. Ferrofluid is enclosed in a toroidal cavity with rigid top and
bottom and elastomer sidewalls (see Figs. 2 & 3). Coils carrying both ac and
dc are used to generate a modulated force in the radial direction. The radial
force causes oscillation of the ferrofluid between the elastomer walls. The
inner elastomer wall is provided with a pressure-release backing. The outer
wall is exposed to the surrounding water. The pressure-release backing
ensures that the projector will operate as a monopole radiator. The details

of this design and the construction and analysis of a prototype projector are
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the subject of this report. One can show that for a given number of ampere-
turns the maximum ac driving force is obtained if the current carriers do not
penetrate the ferrofluid cavity. When the toroid is of relatively small size
and the inner hole is not large enough to accommodate the current carriers, it
might be advantageous to let the current run through the ferrofluid chamber.

The wiring scheme in Fig. 3 constitutes a correction to the one given in Ref.

8.

SOLID TOP
AND BOTTOM

Hac | —
AC

v/

\\ —
RUBBER
OUTER WALL PRESSURE

RELEASE
INNER WALL

Fig. 2 - Toroidal geometry
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Fig. 3 - Field generating ccils ir toroidal design

II. PROTOTYPE DESIGN AND CONSTRUCTION

A. Introduction

The analysis presented in Chapter III shows that for a toroidal
configuration, magnetic fields in the azimuthal direction result in body
forces in the ferrofluid in the radial direction. The design and construction
of a prototype transducer are detailed in this chapter. The Appendix provides

a list of all the materials used in the prototype.

B. Ferrofluid Core

Central to the design is a cavity to contain the ferrofluid while
allowing its oscillations to be coupled to the surrounding water. The
dimensions and materials used in the prototype core are shown in Figs. 4 and

5. The core was made in two halves so that the field-generating coils could
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172" DIA.
PLEXIGLASS 178" PLEXIGLASS
ROD STRIP

1/8" BUTYL
RUBBER SHEET

MHaterial dimensions are in inch/
pound system to correspond with
manufacturer's sizing.
Metric conversions are:

Inch mm

1716 1.59

1/8 3.18

1/4 6.35

172 12.7

1/4"PLEXIGLASS
tor

] 174" PLEXIGLASS

—=—— 121 o
e Tl _.‘__..___.1 END PIECE

1/8" BUTYL RUBBER SHEET
1/8" PLEXIGLASS SPACER
1/167 PLEXIGLASS SHEET

Fig. 4 - Layout of 1/2-toroid construction

be slipped over each half before they were joined. The choice of the
dimensions used in the prototype was dictated by considerations to be outlined
in Section C of this chapter. Each half of the toroidal core had to be filled
and sealed independently. The top, bottom, and ends of each half were made
from a 1/4-in.-thick sheet of Plexiglas. (Plexiglas is a tradename for
polymethyl methacrylate.) The tops and bottoms of each half were held in
place by three 1/2-in.-diam. Plexiglas rods. Pieces of 1/8-in.-thick butyl
rubber were attached at the inner and outer radii of the Plexiglas tops and
bottoms and sealed along the edges to make an airtight cavity. On the outside
radius, the butyl rubber was sealed and clamped to the Plexiglas core with
epoxy and thin curved strips of Plexiglas that were secured to the core with
#4 wmachine screws, as shown in Fig. 5. The rubber wall at the inner radius
was provided with a pressure-release surface to ensure more efficient
radiation (monopole). The pressure release was accomplished with a layer of

air trapped between the inner rubber wall and a thin Plexiglas wall. Curved
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pieces of Plexiglas were used to hold the inner rubber wall and the Plexiglas .if f
walls apart at the edges. 3

Epoxy provided an airtight seal around the edges while #4 machine screws held
the assembly together. The result was a 1/8-in.-thick airspace trapped

against the inner wall.

/ 1/2° DIA. PLEXICLASS MOD K
[ Material dimensions are in inch/ E% B
pound system to correspond with e f E / E _ 3 ‘
manufacturer's sizing. | ,-Iqu' . {
Metric conversions are: - e

Inch mm )

P -

} 1/16 1.59 ]

f 1/8 3.18 B

ER A QTR
14 6.35 moius 83.55 e 95.25 mm .
172 12.7 o
3 d
A
. S

#4 Machine Screw-——/ / \- .

V167 TLexoAss # Machine Screw | |
1/8% vmucuss 1/8% PLEXIGLASS
1/8% SUTYL RURBEA~
1/4" ru:ncuss

b PACHING SCREW e

Fig. 5 - Exploded side view of ferrofluid core

Depth compensation for this airspace also had to be provided. As the
transducer is submerged, hydrostatic pressure would compress the air. When
the air is compressed to the point that the inner rubber wall contacts the
thin Plexiglas wall, the ferrofluid oscillations are damped, thus rendering
the transducer useless. To prevent this from happening, a reserve airbag is
connected with the pressure-release cavity through a small plastic tube. The

reserve airbag was mounted just below the transducer. '

Filling the toroid core was accomplished through holes made in the ends
of each half, as shown in Fig. 8. A gravity feed was used to fill each half
with ferrofluid. The core was filled slowly in order to minimize the number -
of bubbles in the ferrofluid that might interfere with the acoustic radiation.

Seal screws were used to block the holes once the core was filled.
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C. Biasing Coils

As mentioned in Chapter I, a large magnetic bias field is required to ljif

.

bring the ferrofluid to magnetic saturation in order to ensure linear .
operation. From Ampere’s Law, the magnetic field in a toroidal coil is given
by B = NI/27R where N = number of turns of coil, I = current in coil, R =

radius of toroid, and H = magnetic field intensity.

The low-voltage, high-current approach for creating the magnetic bias
field was chosen for several reasons. The use of low voltages would eliminate
the need for elaborate electrical insulation for the coils. The large number
of turns in a high-voltage coil would cause more blockage of the transducer’s ..
radiating surface and would result in heat dissipation problems. The design :
illustrated in Figs. 7 and 8 was chosen to overcome these problems. Coppe~
plates were cut into an equal number of the C and I shapes shown in Fig. 7.

The C's and I’s were joined as shown in Fig. 8. The arrows on the pieces

shown in Fig. 8 show the direction of current flow in each piece after the

coil is assembled. The resulting coil was slipped over the ferrofluid core.

10
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The turns of the coil at the outer radius were sufficiently far apart to allow
for heat dissipation by free convection of the ambient water. This spacing
also minimized the blockage of the radiating surface of the toroid. The
dimensions shown in Fig. 7 were the result of tradeoffs among the various
factors discussed above as well as the size, weight, and expense of the copper
involved. The bias coil was made in two halves: one for each half of the
toroid core. Each half of the bias coil had 75 turms.

The problems involved in insulating the coils were more difficult to
solve than expected. The coils were first dipped in Glyptal Red Enamel
(General Electric #1201), which is commonly used magnet coil paint. The coil
surface was not prepared properly, and this paint scraped off rather easily--a
fact that resulted in many electrical shorts in the coil after the transducer
was assembled. The coils were then coated with an epoxy (West System Epoxy,
Gougeon Bros., Inc.). This coating provided sufficient insulation for the

purposes of this study but would not be durable enough for long-term use.

After the coil had been put on the toroidal core, the holes shown in Fig.
7 were threaded with a 1/4-in.-diam. Delrin rod. Wasuers formed from thin
slices of 7/8-in.-diam. polyvinyl chloride (PVC) pipe were used to ensure that

the coil remained properly spaced at the outer radius.
D. Modulating Coils

Two possible approaches to modulation field generation were considered
for the prototype. One could attempt to modulate the large bias current in
the bias coil by the use of a suitable transformer in the bias current
circuit, or one could use a separate coil for the modulation field generation
and tolerate the inductive coupling between the two coils. The difficulty
involved in acquiring a transformer for the first approach led to the choice

of the second approach for development of the prototype.

For the modulation coil, eight strands of 19 AWG magnet wire were formed
into a flat coil and fixed together with Epoxy Ribbon. The resistance of this
coil was 8 ] at 70°C. This coil was made to have the same inner hole

dimensions as the bias coil so that the two coils could both be slipped over

12
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the ferrofluid core. The bias and modulation coils were merged before they
were put on the core so that the turns of the two coils alternated. The wires oo
in the modulation coil were formed into a flat shape for the same advantages

of heat dissipation and minimal radiation blockage that dictated the design of

the bias coil.

The modulation coils were also built in two halves. Sea Con 8-pin under-

water connectors were used to connect the two halves of the modulation coil.

E. Assembly . {

An aluminum stand was built to support the core and coils when they were
lifted. The stand was designed so that it would provide support for the coils
while not impeding convective water cooling of the coils during operation. w4
The two halves of the toroid core were each bolted to a 1/4-in.-thick sheet of e
Plexiglas. The two Plexiglas sheets were finally bolted together to join the
toroid halves. The Plexiglas sheets were then bolted to the stand to hold the o
entire transducer together. A 1/8-in.-thick butyl-rubber pad between the b !
stand and the bias coil prevented electrical contact. The aluminum stand was o
coated with the same epoxy used to coat the bias coil. This coating was meant i ;‘t

to help prevent electrolytic action in the water surrounding the transducer.

The presence of two dissimilar metals (copper in the coils, aluminum in the v o
stand) in impure water will result in an electrochemical potential between the .
metals with deposition of the impurities on the metal surfaces. Since bare

spots on the copper bias coils were unavoidable, it was felt that coating the

stand would help minimize electrochemical action. Moreover, it would reduce -
the stray ac currents in the water that would adversely affect the operation

of the pressure transducer.

In order to test the operation of the toroidal projector, a wooden tank -
was built and lined with plastic. The tank’s inner dimensions are 38x31 in., ;
and it was filled to a depth of approximately 1 ft. The tank was initially ;iﬁ‘
filled with tap water, but once the problems were discovered with ?ﬂlﬁ

electrochemical action, the tap water was replaced with distilled water. -
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ITI. ANALYTICAL INVESTIGATION
A. Ferrofluid Equation of Motion

Ferrofluids are a complex multiphase material. To describe the behavior
of the ferrofluid for a possible application, a model is needed that explains
the major features of this behavior but is still simple enough to handle
mathematically. A model that is suitable for the purposes of this work is one
proposed by Neuringer and Rosensweig [17] in 1964. This model assumes the
ferrofluid is a monophase, Newtonian, isotropic, nonconducting, and
incompressible continuum. The equation of motion of the ferrofluid is taken

dv B s @nt . g
PR LR PR L Fo(“'v) + pg (1)

where p = density of ferrofluid,
= velocity,

= pressure,

= dynamic viscosity,

= permeability of free space,

o

= magnetization of ferrofluid,

= magnetic field, and

RE+EHEQFSs = © <

= acceleration of gravity.

This equation is the Navier-Stokes equation with an added magnetic force
term. There is some dispute over this magnetic force term; other formulations
of the force have been shown to be equally valid within the framework of the
model. Jones [18] discusses this controversy and resolves the differences
among the various formulations of the magnetic force by showing them to be
equivalent. A more thorough discussion of the problems involved in
formulating the forces of electromagnetic fields on continuous materials is
given by Penfield and Haus [19]. Equation (2) can be simplified by omitting
the viscosity term. The relative importance of the viscosity term can be

found by calculating the Stokes number. The Stokes number is a dimensionless

-------
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number that compares viscosity and local acceleration. If the Stokes number
] is much less than 1, the viscous force is relatively unimportant to the fluid

motion. The Stokes number can be written

: _ B
| St = L2 (2)

where L is a characteristic length of the cavity and w is the angular
frequency of the acoustic field. Taking L = 5 cm, g = 29 centipoise, p = 1230
E kg/ms, and a frequency of 100 Hz yields St = 1.5X10_4. The equation of motion

of the ferrofluid is then (ignoring viscosity)

dv

R Pk =- W+ p (UNE+ pg . (3

The force term (ﬁ'V)ﬁ must be used with care in curvilinear coordinates,
due to the fact that the directions of the coordinate axes are not constant.
For arbitrary vectors A and B in general, orthogonal coordinates {1, {2, and

§3, the components of (ﬁ'V)K along {1, are given by

L LR

1% Fp 88 B3 04,

. (4)

| L h [B .ﬁl_na_hz]ﬁa [B&_Bi*z]

h1h2 1 a§2 2 6{1 h1h3 1 6§3 3 6(1

® where hl’ h2, and h3 are the scale factors for the coordinates 61’ 62, and §3.
The other components of (ﬁ'V)K are found by cyclic permutation of the
subscripts of Eq. (4) (see Ref. 20).

i If circular cylindrical coordinates are taken for the generalized
coordinates, the scale factors become hr =1, h& =r, and hz = 1. The
components of (M‘V)H are then found to be
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v -y —r, 8_r _r_y. -

[[l V]ﬁ‘r - l‘r or * r 88 * uz 0z MO r
; M, 3H )i ol H

& 098 _98 _9 r

[[“ v]ﬁlo I TR I R I (5)
)i B M 6H

*.0l#] _3 .z, 0 ¢z

[[l V]ﬁ-z - uz 9z ur ar ¥ T 00 -

¥hen the bias field is applied to the ferrofluid in the prototype sound
projector, the only non-zero components of M and H are those in the aximuthal
direction. Since the azimuthal magnetic field is constant in the azimuthal

direction, the only non-gzero component is

o]
- Y

[(M'V)H]r = - Me = - (6)
S0, the magnetic body force term for the prototype sound projector is

. B
B = gy Ze @)

The azimuthal magnetic field, therefore, results in a radial force. The

equation of motion in the r direction is then

2
v ov v, Ov v ov H
_r _r, 0" 6 _r|l __% _ 6
[ T vr dr ' "t 06 r ' vz dz) ~ ~ dr Fo“ﬁ r°’ (8)

Because of the radial symmetry of the geometry \) and Bvr/bo are equal to
gero. The advective acceleration may be ignored, thus reducing the equation

of motion to

Ve @
P 3t =" ar Mo Mg By/r . (9)
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The equation of conservation of mass simplifies to

rv_(r) = constant. (10)
B. Nonlinear Behavior

As stated in Chapter I, the purpose of the bias field was to avoid
nonlinearities in the response of the transducer. The magnetization curve of
the ferrofluid (Fig. 1) can be approximated by the straight lines shown in
Fig. 9. If the operating point of the transducer is chosen in the region of
Fig. 9 marked "A", then the magnetization of the ferrofluid will be directly
proportional to the magnetic field intensity. According to Eq. (7) the body
force in the ferrofluid is proportional to Maﬂa. It HB = Hcoswt and K is the
factor of proportionality between the magnetization of the ferrofluid and the

magnetic field intensity, then the magnetization can be written
Ml = Kl jcosut , (11)

and the resulting force is given by

2
p_ P 11

§ + 5 cos2ut] er . (12)

r
The resulting force is the second harmonic of the driving signal voltage.

The magnetization in region B is approximately constant with magnetic
field intensity so that M| = Ho where “o is the saturation magnetization.
The resulting body force in the ferrofluid for operation in this region is

given by

H -
6
- By M — cosut e, (13)

..........
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and is at the same frequency as the driving signal voltage. Region B of Fig.

13 is, therefore, the desirable region for the operating point. In deciding
on the optimal value for the magnetic bias field, one should take into account
that the gaps between the two toroid halves cause a decrease in the nominal

field strength of about 6%.

real

approx

H

Fig. 9 - Approximation to the magnetization curve

C. Electroacoustic Transduction

The ferrofluid projector may be considered as a nonideal transformer with
a moving core. The problem may be considered as a 3-port electromechanical

network, governed by the following set of equations:

di1 di2

e = L1 —ar * Mgt lev , (14a)
di, di,

ey = M T L2 qc * kT2v , (14b)
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F = leil + kT + va , (14¢)

2ia

where el,2 voltage across coil 1,2,
11,2 = current in coil 1,2,

L1,2 = self-inductance of coil 1,2,
T1,2 = transfer coefficients,

M = mutual inductance between coils,

Zm = mechanical impedance of ferrofluid cavity (including
fluid loading),

F = external force applied to outer elastomer wall,
v = velocity of outer elastomer wall, and
k = spatial operator relating the direction of F to

i and e to v, k2 = -1,

Coil 1 is taken as the modulation coil while coil 2 is the bias coil.

The two coils are assumed to be perfectly coupled; all the magnetic flux

that passes through one also passes through the other. This assumption leads
. 2
to the equations M = JLlfz and LI/L2 = (NI/NZ) , where Nl and N2 are the

number of turns of coil 1 and 2, respectively.

The transfer coefficient T1 is defined as the ratio between 3 and v
while i1 = i2 = 0, which implies H = 0. Since the ferrofluid is in the

saturated state, one finds for the magnetic induction Av .

B'= p_ M, (15)

and the magnetic flux is given by

19
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B =4, Moh (r2 - rl) , (16) i.—”
where Ty and r, are the radii of inner and outer walle of the cavity,
respectively, and h is the height. The flux varies because of the time

dependence of r. Thus, the induced voltage in the first coil is (v2 =v)

dg _

e = - N1 It = #o Mo Nlh (v1 - v2) . (17)
L3
v
RLy Rio

: R '

£ ot (\ L : :
| < l S

' v = velocity of ferrofluid cavity outer wall,

inductive voltages across coils,

¢4
1]

= electrical currents in coils,

i

RL = ohmic resistance of coils, ) ﬂ
E = driving voltage, and

R2 = closing resistance.

' Fig. 10 - Equivalent transformer for toroid

Using Eq. (17) one finds for the transfer coefficient T1

[¢]
—

T1 =

<

o - T -
- 2 1 .
. = By Mo Nlh [ r ] ! (18) 1. f 3

20

- Ptak & Dubbelday NRL Memo Report 5644 T



P gt

T T T CHMR . wade e " MAd Sk Ande g s M el Be aad 24 obe AGh aaS 2de oAe ot o be waSwae- — W T Y

Ptak & Dubbelday NRL Memo Report 5844

and
T2 = (NZ/NI)TI' (19)

The same transfer coefficients may be derived as ratios between force and
currents il and i2 by the reciprocity implicit in Eq. (18). This may be
confirmed by integrating the force per unit volume, Eq. (7), between 3 and
T,
The mechanical impedance Zm of the ferrofluid cavity is the ratio of the
force on the cavity to the velocity of the outer elastic wall in the absence
of current il’i2' The mechanical impedance will have lumped indgctive,
capacitive, and resistive elements. The inductive components of the
mechanical impedance result from the equivalent mass of the ferrofluid cavity.
The capacitive component results from the elasticity of the cavity’s rubber
walls. The resistive component results from mechanical friction as well as
radiation resistance from the surrounding water. The elastic and resistive
components can be accounted for with K and Rm’ a lumped elasticity/unit area
constant and a lumped resistance/unit area constant. The mass term must
account for the mass of the ferrofluid as well as the effective mass of the

water moved by the oscillation of the ferrofluid.

The mass component of the mechanical impedance can be derived by
considering the pressure difference across the ferrofluid cavity outer wall.

The force on the outer wall is given as

F = (py - pp)"A (20) _

where p3 = pressure just outside outer cavity wall, N
Py = pressure just inside outer cavity wall, and A

A = "

outer wall area. X ’

The value of Py can be found by considering Euler’s equation and ignoring

convective acceleration

21
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_% _ dv(r) (21)

where Pe density of the ferrofluid and

v(r)

velocity at radius r.

Using Eq. (10), Eq. (21) can be integrated to yield
Py * Py T jwpfvrzln(rz/rl) = jwmfv, (22)

{ where P, = pressure just inside inner cavity wall,

<
1]

velocity of outer cavity wall, and

effective mass of ferrofluid/unit area of outer wall,

m, = pfrzln(rz/rl). (23)

Because of the pressure-release surface at the transducer’'s inner wall,

Py = 0; therefore,

- Py = jumgv. (24)

The loading by the acoustic medium is accounted for in the expression for

P3- The geometry of the test tank makes a rigorous solution for the water

load on the transducer’s active surface impractical.

An order of magnitude estimate is obtained as follows. The transducer’s
active surface is replaced with a sphere of equal surface area with radius rq. %
The outer surface of the water (at the walls of the box and the free surface) -', -ﬂ
is replaced by a sphere with radius T, The values of rq and r, are given by -

the relations

22 )
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r2h
r3 = |2 (25)
_lxy + xz + yz
T, = or (28)

where x, y, and z are the dimensions of the water in the box (84x88x15 cms).

The continuity equation for this system yields
2
v(r) = vs{rs/r] . (27)
Using Eq. (27), Euler’s equation now yields

: 2|74 " T3
- Py + P3 = prov3r3 [ r3r4 ] ’ (28)

where Py is the density of the water in the tank. The sides and bottom of the

box act approximately as pressure-release surfaces so that Py = 0 leading to

pg = jumv , (29)

where v = Va3, the velocity at the outer wall of the cavity, which in turn is
equal to vy defined before by virtue of the assumed continuity of volume
velocity. The effective mass of the loading by the water in the box m, is
given by

ma = po (rs/rr) (r4 - r3)' (30)

The force on the outer cavity wall is found from Egs. (20), (24), and (30) to
be

F = jw(ma + mf)v'A . (31)
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Using the constants K and R the mechanical impedance of the ferrofluid ;{
cavity is then -
E Z = F. ['w(m +m,) + X, R ] 27r,h (32) i%;
{ m v [IY\P, f jw ) 2" - }ki
For most of the analysis presented in this report, it will be assumed that the ;,:
capacitive and resistive portions of the mechanical impedance are negligible o
compared with the inductive portion; therefore,
Z = jw(m, + mf)21r2h . (33) ST
For the experimental setup used, the values of Ty, T4y B, and me are ro = o
0.084 m, r, = 0.454 m, n_ = 68.5 kg/n°, and n, = 74.4 kg/n’. ..
D. Solution for Acoustic Field in Test Tank }
The transduction Eqs. (14) may be solved for the case of the projector in
operation by noticing that in regular operation the bias coil is connected to
the rectifier, which is considered to an ohmic resistance R2. There is no a
external force on the cavity wall not already accounted for in Zm; thus, F = - -
0. Solution of the set of linear Egs. (14) results in
14 1 1 ;
. %e - T 2 * 2 (34) —
N A R A VA -
and
- kT -
-e_‘., T Ly : 2" (35)
i julyZ o+ Tl
24 -
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The total input impedance to the first coil Z should include the
resistance of the coil, RLI’ and thus Z = Z1 + RLl' The relation between the
voltage E applied to coil 1 and the resulting velocity v of the cuter wall of

the cavity is then
- <y 5 |7 Zf : (36)
jub,z_ + T2 |81 * By
17m 1

The velocity v(r) at an arbitrary distance from the cavity wall is given
by

v(r) = v[r3/r]2, (37)

and the pressure at distance r is

-
-

-r
p(r) = jup,vry” [4"4] : (38)

0f course, it should be kept in mind that these expressions follow from the
highly idealized spherical geometry assumed in place of the rectangular test
tank.

The value of p at a distance r = 0.27 m, according to Eq. (38) with v
from Eq. (36), is shown in Fig. 15.

E. Estimate of Results for Operation in an Infinite Medium

The analysis will be simplified by approximating the radiating surface of
the prototype with a spherical surface of equal area. The radiation loading
of an oscillating sphere is determined by its specific acoustic impedance Zo’
defined by p(r3) = Zov(rs), where r; is the radius of the surface of the
sphere. The specific acoustic impedance can be divided into a resistive
portion, T and a reactive position, m, such that Zo =T, - jwmo.
Expressions for the radiation resistance T, and the accession to inertia m,

are given in Ref. 21 as
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_ pc[krs] %6
ro - 2 ’ ( )
[{terg)? + 1]
and
pr

2 (40)

Yo T [kr3]2 +1

where c is the speed of sound and k is the wave number 27/A. In the low-

frequency limit (kr3)2<<1 and these expressions reduce to T, it pc(kr3)2 and m,

t pry. Taking the ratio (ro/wmo) = kr3, it is apparent that at low
frequencies (kr3<1), the radiation resistance is negligible compared with the
accession to inertia. Using the value for ra calculated in the last section,
the acce531on to inertia for the prototype is m, < pr = (1000 kg/m ) (0.084 m)
= 84 kg/m which is, considering the approx1mat1ons used in this analysis,
nearly the same as the fluid loading calculated for the test tank (where m, =
68 kg/m ). Thus, one would feel warranted to assume that the pressure near
the projector in a free-field situation is about the same as that near the

projector in the test tank.

I 134
- 11
£ g
v J J 130 -~
[ H .
2 | .
4 .
o I e
[
<+ -4 125
4+ -4 120
g i 4 A 1 1. 1 )| i JR WUREDE NI
%) Frequency (lz) 280

Fig. 11 - Pressure at intermediate distance vs frequency for E = 60 V
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In order to predict the total power emitted in a free-field situation,

one could use the pressure measured in the test and find the power P by

P = 4rr? [p(r)]1%/(pc). (41)

IV. EXPERIMENTAL INVESTIGATION
t; A. Introduction

The prototype projector described in this report was built for the larger
part at the Underwater Sound Reference Detachment of the Naval Research
: Laboratory (NRL-USRD). Part of the building and testing was done at the -
*‘ Florida Institute of Technology. The need for a large dc was the most L_utq
{ difficult to satisfy. The power supply used was a type APS-20 Mallory -
Rectostarter. Wire gauge larger of at least #4 was needed to handle the

current.

The calculations with respect to impedance, transfer coefficients, and
field strengths presented in Chapter III may be tested on the prototype.

Measurements were performed of impedance with the dc supply and open-

| S

circuited. The magnetic field strength was also measured under these
circumstances. In general, the measurement results concurred well with the

computations, in magnitude and in frequency dependence. Details are givenm in
Ref. 22.

27
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Fig. 12 - Swept frequency measurement setup f:;:
_—
B. Acoustical Qutput Data o
]
The prototype transducer output was measured with an NRL-USRD type F61 -

hydrophone and with a hot-film anemometer technique [23]. The experimental 1,.;i
setup used with the F61 hydrophone is shown in Fig. 16. The hydrophone output el
is measured with a Princeton Applied Research Lab Model 129 lock-in analyszer. o
The hydrophone had to be shielded from electromagnetic interference with a :
grounded copper screen shield. Without the shield, the stray electric :; :j

currents in the water completely masked the acoustic signal. The sensitivity

of the F61 hydrophone is -205.5 dB re 1 V/uPa.

28
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Y I N

The results of the measurements are shown in Figs. 13 through 19. The
B abscissa is the frequency of the ac excitation voltage. Thus in the case of
the measurements of pressure at twice the frequency (Figs. 13 and 14), the

measured frequency is twice the value read on the horizontal axis.

It appears that the noise background is about the same for the
corresponding cases of bias field on and bias field off. The alleged signal

in Figs. 13, 17, 18, and 20 consists of a series of resonances.

In Chapter III, Section B, it was predicted that the acoustic output of
the prototype sound projector would occur at twice the frequency of the ac
modulation voltage if no bias field were applied to the prototype. Figures 13
and 14 show the acoustic output at twice the driving voltage frequency for the
cases where the bias field is present (Fig. 14) and where it is absent (Fig.
13). Comparing these figures, one can see that several of the resonances that
appear in Fig. 13 are not present in Fig. 14, most noticeably the peaks at 48
and 23 Hz. These peaks indicate that the prototype is generating sound at the
second harmonic without the bias field, and this sound disappears when the
bias field is applied. Further support for this interpretation can be found
in Fig. 15, which shows that the resonances in Fig. 13 decrease with
decreasing modulation coil current. Notice that the resonance at 30 Hz is
present in all three figures and does not vary with modulation-coil current.

The fact would indicate that this feature results from 60-Hz induction.

Figures 18 through 18 show the acoustic output of the prototype at the
same frequency as the driving voltage. Figures 16 and 17 show the output for
the cases where the bias field is present (Fig. 17) and where it is absent L
(Fig. 16). As one would expect from the theory developed in Chapter III, the : -]
presence of the bias field has a significant effect on the acoustic output of . :_(]
the prototype. It should be remembered that the current available for the ' ’
bias field in the experiment was not quite enough to bring the ferrofluid RN

fully to saturation. This fact may explain why the experimental values for

acoustic output fall short of the theoretical predictions over most of the :ii:i“

range of frequencies measured. L :é:i

:A :T:.:‘;
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13 - Acoustic output at 2f with bias field off
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Fig. 14 - Acoustic pressure output at 2f with bias field on
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Fig. 15 - Acoustic output at 2f for various levels of modulation field with
bias field off
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Fig. 16 - Acoustic output at 1f with bias field off
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Fig. 17 - Acoustic output at 1f with bias field on
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Table I is a key to the acoustical measurement data and can be used to

facilitate comparisons among the various plots.

Table I - Measurement Index

Bias Field 0ff Bias Field On

Measurement at Fig. 16 Fig. 17

Driving Voltage Fig. 18 (Expanded

Frequency Fig. 19 Vertical Scale)
Fig. 20

Measurement at Fig. 13 Fig. 14

Twice Driving Fig. 15 (Various

Voltage Frequency Levels of

Driving Voltage)

In general, the measured pressure is an order of magnitude lower than the
values computed and shown in Fig. 10 on the basis of numerical parameters.

The operating point and ac voltage, though, were lower.

If one derives typical value of 0.6 Pa for the pressure between 10 and 40
Hz at a distance of 0.27 m, one may derive a total power P predicted for free-
field operation of P = 0.2 pW. O0f course, this assumes that the observed

signal originates in the ferrofluid.
C. Hot-Film Anemometry Results

A second approach, which was used to verify the low-frequency operation
of the prototype, was a hot-film anemometry technique (Ref. 23). The
technique uses the cooling of a heated film to detect acoustic particle

motion. The value of this technique lies in its increased sensitivity to low-
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frequency hydroacoustic fields. Moreover, the input resistance of this device

is low, and thus it is insensitive to the stray currents in the water.

The probe used was a TSI, Inc. Model 1210-20W standard straight probe.

The probe was located near the surface midway between the prototype sound

projector and the tank wall and was oriented to detect vertical particle
motion. The sound projector would cause the water in the tank near the

surface to oscillate vertically as a result of the pressure-release boundary.

L LI N L A
R . ' LY

The curve in Fig. 19 was taken with the prototype operating without a
bias field while that in Fig. 20 was taken when the bias field was applied.
The difference in temperature between the sensor and the undisturbed medium
was 30°C. L

Lb0.0 T 10.0T L.o T
B & g
<~ 30.0 ~ 1.5 3,0
o g 3
> > >
20.0 | 5.0 f 2.0
10.0 2.5 1.0 T
2 3 b 6 8 10 12 W 16 18 20
FRAQUENCY (Hz)

Fig. 19 - Hot-film anemometry measurement without bias field
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Table II. Hot-Film Anemometry Measurement Results ;&Eﬁi
(SRS
f..
Without Bias With Bias T
Particle Particle _“E
Frequency Vac Velocity Vac Velocity E-; l
~ (Hz) (V) (pm/s) (mV) (pm/s) g
4 2.0 1.0 2.8 15.0 39.0 -
? 3.0 0.5 1.9 22.0 85.8 .
i 4.0 2.5 13.0 5.0 26.0 o
; 8.0 0.8 4.7 1.75 13.7
8.0 0.3 3.1 2.00 20.8
10.0 0.2 2.8 2.0 26.0 ke
12.0 0.3 4.7 0.9 14.0 s
14.0 1.5 27.3 0.1 1.8 R
16.0 1.0 20.8 3.0 62.4 Raoe
18.0 0.3 7.0 1.0 23.4 i
20.0 0.2 5.2 0.1 2.6

In Table 14 of Ref. 23 one finds the value for the coefficient a in the
relationship between the ac Nusselt number Nuac and the relative displacement
¢/d, where d is the diameter of the sensor. One has a = 0.108, Nuac/v ¢ = e
0.447, and d = 50 pm. This leads to the following relation between Vac and w [
(vertical velocity) w(mm/s) = 0.00130£(Hz)Vac(mv), where f is the frequency.
Table II gives the values for the ocutput voltage Vac and the computed particle

velocity.

To compare the anemometer results with the pressure measurements, one may
use Eq. (38) for p(r). Assuming that p(r) is measured at an intermediate Sal

point r = (r3 + r4)/2, it follows that the measured pressure amplitude Py is

39 -
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r,-r e,

P, = Wp v3r32 4 3 (42) gr;r-

2
(r4 + r3) T,

Byttt

el
et
Pk s

s
ST RNROLAN

On the other hand the velocity measured at the surface T, follows from

(]

T
. D
rl

v = vy (ra/ry) 2, (43)
and ;
(r4 - ry) .

Pp = V4P (r4 + r3) : (44)

s
The hot-film anemometry calibration gave o
v,(/s) = 0.130x107® [£(B2)] V__(av), (45) S
ac L
and thus S
p,(Pa) = 0.56x107[f (82)]%V__(av). (46)

The value of vac measured by hot-film anemometry is considerably lower DN
than would follow from this relation between Pp and vac if one inserts the ijiﬁ

values for P, found by the pressure hydrophone.

V. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions !.‘-
The acoustic pressure measurements made with the NRL-USRD type F61 ::&%‘
standard hydrophone and the acoustic particle motion measurements made with f:
the hot-film anemometry technique both suggest that the prototype ferrofluid Eﬁ,:
hydroacoustic projector is capable of producing low-frequency underwater -
sound. The major features of the prototype operation predicted by the theory :ﬁii?
g
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presented in Chapter III were observed in the experimental data. Second

harmonic acoustic output was observed when the prototype was operated without
a bias field. The bias field was also shown to have a significant effect on

the acoustic output signal amplitude at the first harmonic of the driving

frequency.

The resonances observed in the graph for pressure and particle velocity
could be due to flexural wave resonances in the walls of the wooden tank. The
flexural wavespeed in 1/4-in. thick wood is quite low and of the right
magnitude to cause standing waves of various frequencies, due to the spread in 5‘ ":
dimensions of the faces of the tank.

It is improbable that these resonances originate in the ac coils, dc
coils, or aluminum frame since their vibrations would not be accompanied by -
volume changes and thus have poor coupling to the tank medium. Still, it

would be worthwhile to confirm the assumption in that the sound originates in

the ferrofluid by replacing the latter by a non-magnetic fluid and repeating

the measurements.

The experimental results obtained were greatly affected by the available

equipment. In principle, the only limit to the acoustic power output of the

prototype is the current handling ability of the coils and the available
sources of power. With the proper design, a ferrofluid transducer would be

able to deliver large amounts of low-frequency acoustic power that would

otherwise be unavailable.

B. Recommendations

The following recommendations are made for the continuation of this
project.

re

1. Repeat the measurements in a nonresonant environment. The data

presented in this study are difficult to interpret due to the presence of

so many resonances. Data taken in a nonresonant environment would allow a S
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better check on the frequency response of the prototype. Measurements
with a non-magnetic fluid instead of ferrofluid would be a good check on

the validity of the observed signal.

2. Ferrofluids with higher saturation magnification. Waterbase

ferrofluids with saturation magnetizations larger than 140 G are

commercially available. Use of such fluid is expected to greatly increase

the output of the projector.

Fa 3. Elimination of the modulation coil. The present study shows that the
presence of two separate coils for modulation and bias field generation
results in a transformer action that reduces the magnetic fields necessary

for sound generation. It is, therefore, desirable to eliminate one of the

coils. One approach would be the use of the permanent magnets mentioned
in item 4. Another approach would be to modulate the bias current in the

bias coil with a transformer.

4. Use of permanent magnets in bias field generation. The need for a

large bias current is one of the major drawbacks to this design. The
power generated by the dc power supply does not contribute directly to the
acoustic output and thereby decreases the overall efficiency of the
design. It may be possible to generate the required bias field with
sectional permanent magnets, thereby eliminating the need for the bias

current.

5. Better coating procedures. One of the more troublesome aspects of the

experimental work was maintaining the integrity of the shielding on the
bias coil. The coprer used in this coil was not properly treated before

it was coated. Any further work on this project would require more

attention to this aspect of the design.
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APPENDIX - PROTOTYPE SPECIFICATIONS
Ferrofluid:

Type: Lignosite FML

Manufacturer: Georgia-Pacific Corp.

Saturation magnetization: 4aM = 140 G
Composition: Ferromagnetic Iron Lignosulfonate
Density: 1.23 gm/cm3

Quantity: 3950 cm® (1.02 gal)

Ferrofluid Core:

Radius: 12.07 cm

OQuter radius: 17.15 cm

Cavity height: 8.26 cm

Materials: Plexiglas sheet (1/4, 1/3, & 1/16-in. thick)
Butyl rubber sheet (1/8-in. thick)
Plexiglas Rod (1/2-in. diam.)
Seal Screws (1/4-in.)
4-40 Flat Head Machine Screws
Epoxy (Resiweld)

Bias Coil:

Copper plate thickness: 0.11 cm

Dimensions: see Fig. 6

Self inductance: 0.49 mH

Resistance: 23.9 ml at 20°C

Average total length: 88.34 m

Number of turns: 150

DC at operating point: 600 A

Magnetic bias field at operating point: 1230 Qe (9.8X104 A/m)
Power dissipated: 8.63 kW at 20°C

Material: Copper alloy 110
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Insulation: 1) Glyptol Red Enamel (GE #1201)
2) West System Epoxy 206 Hardener, 105 Resin

(Gougeon Bros., Inc.)

Modulation Coil:

Wire size: 19 AWG

Wire type: Heavy-duty magnet wire

Total length: 437.6 m

- Number of wires per turn: 8

Number of turns: 150

Resistance: 11.39 fl at 20°C

Self-inductance: 31 mH

Nominal operating current: 5.4 A

Nominal RMS power dissipation: 332 W at 20°C
Magnetic field amplitude: 126 Oe (10,000 A turns/m)
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